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Potted PlectranthusPrevention of ethylene- and shipping-induced ﬂower abscission is necessary to maintain the quality of both
cut ﬂowers and potted plants during handling, transport and retail display. The aims of the present work
were to determine the sensitivity of Plectranthus cultivars to applied ethylene, to alleviate ethylene- and
shipping-induced ﬂower abscission in intact potted plants using 1-methylcyclopropene (1-MCP), and to
investigate the possible causes of dark-induced ﬂower abscission. All cultivars were sensitive to ethylene in
a concentration-dependent manner, and complete abscission occurred within 24 h with 1 and 2 μl l−1 ethyl-
ene. Unopened buds were more sensitive to applied ethylene, and exhibited greater abscission than open
ﬂowers. Ethylene synthesis remained below detection limits at all time points under control and continuous
dark conditions. Dark treatment signiﬁcantly increased ﬂower abscission in Plectranthus cultivars, and like
ethylene-induced ﬂower abscission, this could be prevented by continuous 1-MCP treatment. Gene expression
of ethylene biosynthetic enzymes ACS and ACO was examined as possible causes for the accelerated ﬂower
abscission observed in plants kept in continuous darkness. Expression patterns of ACS and ACO varied
between different cultivars of Plectranthus. In some cases, increased expression of ACS and ACO led to
increased ﬂower abscission. Gene expression was higher in open ﬂowers when compared to unopened
ﬂowers suggesting a cause for the observed preferential shedding of open ﬂowers in some cultivars. Although
the cause of dark-induced abscission in Plectranthus remains elusive, it can be effectively controlled by treat-
ment with 1-MCP.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Abscission is the natural separation of organs from the parent plant
(Patterson, 2001). In the natural environment it is an important pro-
cess that enables plant survival. However, in agriculture and horticul-
ture, abscission, particularly premature abscission, can lead to both
crop and proﬁt losses (Taylor andWhitelaw, 2001). This loss of quality
is often attributed to the detrimental effects of ethylene (C2H4), a sim-
ple hydrocarbon plant hormone necessary and responsible for regu-
lating many plant processes and responses to environmental stimuli
(Johnson and Ecker, 1998).
In general, ethylene synthesis by plant tissues is low but increases at
certain developmental stages (Jones and Woodson, 1999). Ethylene is
active at very low concentrations, less than 1 μl l−1 (Pech et al., 2004)
and with the exceptions of fruit ripening and lateral root initiation,aminocyclopropane-1-carboxyl-
O, 1-aminocyclopropane-1-car-
by Elsevier B.V. All rights reservedethylene at high concentrations can be detrimental (Czarny et al.,
2006) and even inhibitory to plant growth (Pierik et al., 2006). Ethylene
biosynthesis is increased in response to a number of biotic and abiotic
stresses including wounding, chilling, ﬂooding, pathogen attack
(Chang et al., 1993; Deikman, 1997), hypoxia (Wang et al., 2002), dark-
ness (Mutui et al. (2007), shipping (Serek et al. (1998) and drought
(Deikman, 1997). Under these conditions senescence and abscission
are accelerated (Chang et al., 1993).
Ethylene biosynthesis follows a series of processes that occur from
the reception of a stimulus by a plant, tissue or organ to the produc-
tion of ethylene. The pathway follows the sequence: methionine →
S-AdoMet (SAM) → 1-aminocyclopropane-1-carboxylate (ACC) →
ethylene (Adams and Yang, 1979). Two enzymes in the pathway, ACC
synthase (ACS) and ACC oxidase (ACO), are involved in regulating
ethylene synthesis (Kende and Zeevaart, 1997; Pech et al., 2004; Tian
and Lu, 2006). Increased transcription of ACS and ACO genes leads to
an increase in ethylene biosynthesis (Woodson et al., 1992).
ACS is encoded by a medium-sized multigene family (Kende and
Zeevaart, 1997; Barry et al., 2000; Wang et al., 2002; Ma et al.,
2006; Tian and Lu, 2006), the members of which are expressed differ-
entially in response to developmental, environmental and hormonal.
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conversion of SAM to ACC (Pech et al., 2004), and its function of reg-
ulating ethylene biosynthesis is controlled at both transcription and
post transcription (Mutui et al., 2007).
ACO is encoded by a small multigene family (Kende and Zeevaart,
1997; Ma et al., 2006), which is also expressed differentially in response
to both developmental and environmental factors (Clark et al., 1997).
ACO catalyses the ﬁnal step in the synthesis of ethylene, converting ACC
to ethylene (Abeles et al., 1992; Kende and Zeevaart, 1997; Johnson and
Ecker, 1998). The activities of ACS and ACO are both rate-limiting steps
for ethylene production (Kende and Zeevaart, 1997).
There are several means of protecting plants from the detrimen-
tal effects of ethylene. These include irreversible non-competitive
inhibition by silver ions through treatment with silver thiosulfate
(Veen, 1979), preventing ethylene biosynthesis (Dostal et al.,
1991) and the use of cyclopropenes. The latter have become wide-
spread since Serek et al. (1994) demonstrated the effectiveness of
1-MCP (1-methylcyclopropene) in protecting potted plants from
the effects of exogenously applied ethylene. Other compounds that
are used include 2,5-NBD (2,5-norbornadiene), trans-cyclooctene, DACP
(diazocyclopentadiene) and 3,3-DMCP (3,3-dimethylcyclopropene)
(Sisler and Serek, 1999). These compounds compete with ethylene for
the active site on the receptor and thus block ethylene action. In some
cases, continuous exposure to the compound is needed since dissociation
from the receptor occurs rapidly (for example, 2,5-NBD and transcyclo-
octene), but for 1-MCP, plants may be protected for as long as 12 d
(Sisler et al., 1996).
Plectranthus is a genuswith great potential as a potted plant, howev-
er this potential is compromised by shipping-induced ﬂower abscission
(Rice et al., 2011) limiting the commercialization and export potential of
Plectranthus. A Plectranthus breeding project has resulted in a number of
new cultivars, many of which are polyploids. Müller et al. (1998) found
that different cultivars ofminiature potted roses displayed differences in
ethylene sensitivity and it is unknown whether this will be true for
Plectranthus. Our previous research on cut ﬂowers of three Plectranthus
cultivars (P 96 04 06, P 00 06 03 and P 01 05 09) demonstrated that
ﬂower abscissionwas promoted by high concentrations of endogenous-
ly applied (ethephon) and exogenously applied (gaseous) ethylene. This
could be prevented by cycloheximide and silver thiosulfate, but only
limited control was obtained by 1-MCP (Ascough et al., 2006). Addition-
ally, exposure to long periods of darkness increased ﬂower abscission in
intact potted plants of two cultivars (P 00 06 03 and P 01 05 09)
(Ascough et al., 2008). In this study we aim to 1) characterize ethylene
sensitivity at the whole-plant level using a range of concentrations of
exogenously applied ethylene, 2) prevent ethylene- and dark-induced
ﬂower abscission using 1-MCP, and 3) investigate possible causes of
dark-induced ﬂower abscission by examining the effect of continuous
darkness on gene expression of ACS and ACO in the abscission zone of
unopened and open ﬂowers. Four cultivars were selected for this
study, some of which were suspected polyploids, in order to determine
if increased ploidy affected the ﬂower abscission process in any way.
2. Materials and methods
2.1. Plant material
Four cultivars of Plectranthus (P 00 06 03A, P 00 06 03, P 04 05 18 and
P 08 05 06) were used in different parts of this study. For ethylene evo-
lution studies, P 00 06 03 was used as a model plant. The four cultivars
are the results of crosses from ﬁrst generation parents Plectranthus
hillardiae and Plectranthus saccatus. P 00 06 03A is the smallest of the
four cultivars and has pink ﬂowers. P 00 06 03 and P 08 05 06 are larger
than P 00 06 03A. P 00 06 03 has pink ﬂowers and P 08 05 06 has purple
ﬂowers. P 04 05 18 has pink ﬂowers and is the largest of the four culti-
vars. Cuttings were planted in potting mix comprising of 83% compost,
16.72% bark, 0.14% LAN (limestone ammonium nitrate) and 0.14% 2:3:2N:P:K fertilizer andwere kept in a greenhouse under natural day length
at UKZN, Pietermaritzburg (29° 37′ 28.8″ S, 30° 24′ 13.6″ E). Plantswere
watered every second day with approximately 10 ml of water and fer-
tilized with a seaweed concentrate (Kelpak®) every three weeks.
2.2. Flow cytometry
Young leaves were collected from plants from each of the four
Plectranthus cultivars. Leaves were collected from more than one plant
so as to get a sample representative of the cultivar. Collected leaf mate-
rial was immediately put onto ice.
Each sample, comprising approximately 300 mgwas cut ﬁnely with
a razor blade in 1 ml of LBO1 extraction buffer, containing 15 mMTRIS,
2 mM Na2EDTA, 0.5 mM spermine.4HCl, 80 mM KCl, 20 mM NaCl,
15 mM β-mercaptoethanol, 0.1% (v/v)Triton X-100 and the pH adjust-
ed to 7.5 (Doležel et al., 1989). To prevent browning, 10 μl DTT and
PVPP (insoluble)were added to the sample prior to cutting. The suspen-
sion was ﬁltered through a 50 μm mesh ﬁlter and stained with 500 μl
propidium iodide. Fluorescencewasmeasured using a Beckman Coulter
Epics XL-MCL ﬂow cytometer and total DNA content was compared
with control data from a variety of known ploidy level. The diploid
peak from the control diploid plants was set to channel 200.
2.3. Ethylene sensitivity
Sensitivity of plants to ethylene was determined by exposing plants
to 0, 0.1, 0.25, 0.5, 1.0, or 2.0 μl l−1 ethylene (Air Products, Johannes-
burg) for 4 d. Individual plants were transferred from the greenhouse
to the laboratory and the number of inﬂorescences and ﬂowers were
recorded. They were placed inside sealed Perspex chambers (small:
288 × 438 × 250 mm (ca. 31.5 l), medium: 138 × 538 × 300 mm
(ca. 70.7 l); large: 488 × 636 × 350 mm (ca. 108.6 l)) at 21 ± 1 °C
under a 16-h photoperiod illuminated by overhead ﬂuorescent tubes
providing 12.6 μmol m−2 s−1 radiant ﬂux density. Plants were ob-
served every 24 h for 4 d and the number of ﬂowers that had abscised
was recorded. Abscised ﬂowers were categorized as being either open
at the time of abscission, or unopened (i.e. buds). At this time, plants
were removed from the chambers and the chambers cleaned and
vented. Plants were then replaced and the chambers resealed. Ethylene
was injected using a syringe into the Perspex chambers daily after
venting.
2.4. Ethylene evolution
Ethylene evolution by ﬂowers was measured by gas chromatogra-
phy as described byWhitehead and Nelson (1992). Four to six ﬂowers
or buds from control and dark-treated plants were placed in small
glass vials, sealed with a rubber stopper and aluminium cap and
allowed to incubate at 25 °C (either in the light or the dark) for 1 h.
Samples were taken every 24 h for 4 d. Ethylene evolution was calcu-
lated as μl g−1 h−1.
2.5. Dark-induced ﬂower abscission
Individual plants with at least three inﬂorescences were transferred
from the greenhouse to the laboratory and the number of inﬂorescences
and ﬂowers recorded. At the start of the experiment approximately 20–
25% of ﬂowers on a plant were open, the rest were unopened. Flowers
open sequentially from the base of the inﬂorescence upwards. Plants
were placed inside sealed (gas-tight) impermeable Perspex chambers
at 21 ± 2 °C and kept in darkness. Control plants were kept under a
16-h photoperiod illuminated by overhead ﬂuorescent tubes providing
12.6 μmol m−2 s−1 radiant ﬂux density. Plants were observed every
24 h for 4 d and the number of open and unopenedﬂowers that had ab-
scised recorded.
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(open + unopened) ﬂowers abscised over 96 h, divided by the total
number of ﬂowers at the start. When dissecting this total abscission
into open and unopened, care was taken to include in the calculation
the number of unopened ﬂowers that had opened during the 96 h
(percentage conversion). Thus, the percentage of ‘open’ ﬂowers that
had abscised was calculated as the number of open ﬂowers abscised
divided by the (number of open ﬂowers at the start + the number
of unopened ﬂowers that had opened). This explains why in some
cases the sum of the ﬂower abscission for open and unopened ﬂowers
is greater than the total abscission (Table 1).
2.6. 1-MCP treatment
To assess the effect of 1-MCP pre-treatment on ethylene- and
dark-inducedﬂower abscission plants in sealed chamberswere exposed
to 100 nl l−1 1-MCP either for a single 6 h pretreatment (1-MCP-eth1)
(Serek et al., 1995), or continuously (1-MCP-eth2). This was performed
by dissolving the desired amount of 1-MCP powder in 2 ml distilled
water in a sealed pill vial. Once dissolved, the solution was poured
onto ﬁlter paper discs within the Perspex chambers. The pill vial was
left inside the chamber. Chambers were sealed immediately after
1-MCP was released. Following this pre-treatment, chambers were
vented, resealed, and left as a control, placed in the dark, or ethylene
(2 μl l−1) was added. In one experiment, plants were completely
defoliated by removing leaves with sharp scissors to determine the ef-
fects of reduced assimilate supply to the inﬂorescence. Flower abscission
was recorded in the light every 24 h.
2.7. Cloning of ACC oxidase, ACC synthase and actin genes
For degenerate primer design, the corresponding Lamiales ACC
synthase, ACC oxidase and actin sequences were collected, aligned
with ClustalW and conserved and unique motifs used to design primer
pairsmanually. The following degenerate primerswere used for cloning
the corresponding sequences: ACOF: GDATTDCKSCHGAGTTTATGG and
ACOR: TCGAAGTARGTCAGHAGRTTHTG; ACSF: GCDMTVTTTCAAGAYT
ATCATG and ACSR: GARAYBARVCCRAARCTCGACAT; ACTINF: GAAAT
YGTDAGGGACATCAAAGAGAAG and ACTINR: GCCACSACCTTRATCTTC
ATGCTGC. Total RNAwas extracted from leafmaterial from Plectranthus
using the QIAGEN RNeasy Plant Mini Kit and TRIzol® (Invitrogen) and
the samples were treated with DNase I (Invitrogen). cDNAwas synthe-
sized from the RNA using Oligo(dt) primers (Fermentas) and the
RevertAid™ kit (Fermentas) in a GeneAmp®PCR System9700 (Applied
Biosystems). The cDNA was used as the template in a 3 step PCR using
the Advantage® 2 enzyme (Clontech) and the degenerate primers.
Samples were held at 72 °C for 3 min over 7 cycles. Step 2 was 30 s at
48 °C followed by 2 min at 72 °C over 35 cycles. Step 3 held the reaction
at 67 °C for 7 min. The products of the PCRwere run on a 1% agarose gel
containing ethidium bromide. The bands viewed on the gel were ex-
cised and the fragments were extracted using the Agarose Gelextract
Mini Kit (5′ PRIME). As the Advantage® 2 enzyme used in the PCR has
a 5′ proof reading function which removes adenine from the DNA, an
A overhang was added to the DNA strands using Taq PolymeraseTable 1
Flower abscission summary of four Plectranthus cultivars: effect of continuous darkness on tota
and the conversion ofﬂowers fromunopened to open state (percentage of buds that openeddur
96 h. * denotes a signiﬁcant difference (P b 0.05) from the control. Values in bold denote signiﬁc
P 08 05 06).
Total Open
Control Dark Control Dark
P 00 06 03A 5.2 ± 3.5 19.5 ± 4.6* 4.7 ± 2.5 31.8 ± 6.
P 00 06 03 9.9 ± 2.5 21.6 ± 3.8* 17.7 ± 3.9 36.5 ± 6.
P 04 05 18 10.4 ± 3.4 19.5 ± 2.5* 7.6 ± 2.4 21.9 ± 3.
P 08 05 06 16.2 ± 6.2 41.5 ± 9.4* 7.4 ± 4.4 19.7 ± 3.(Fermentas). DNA fragments were then ligated into pGEM T vectors
(Promega) and then cloned into JM 109 competent cells (Promega).
The cloned cells were plated on LB plates supplemented with ampi-
cillin, X-gal and IPTG and incubated overnight at 37 °C. White colonies
were selected and inoculated into 2 ml of liquid LB broth. These cultures
were incubated overnight on a shaker at 200 rpm at 37 °C. The DNA
was extracted from overnight cultures using the QIAprep SpinMiniprep
Kit (QIAGEN). The extracted DNA was sent for sequencing (ABI 3100,
Applied Biosystems). From the sequences, speciﬁc primers for the
genes of interest were designed by Primer3. The results of the ligation
and cloning were checked by performing a restriction digest on the
product of the miniprep using PstI and NcoI restriction enzymes. The
products of the restriction digestwere run on a gel and the banding pat-
terns showed that the ligation and the cloning had been successful.
Actin and ACO isolation resulted in one clone being detected, while
ACS isolation yielded two clones, ACS2 and ACS5. ACS5 transcript abun-
dance was not detectable during the pilot studies so we focused on
ACS2. The sequences have been deposited in the GenBank under
the following accession numbers: actin (JQ060954), ACO (JQ060955),
ACS5 (JQ060956) and ACS2 (JQ060957).
2.8. Real-time PCR
For the real-time PCR gene expression assay, sequence speciﬁc
primers were designed using the gene sequences cloned (ACOF:
AGGCTGACCAAGGAGCACTA, ACOR: GAAAGTGCTTTCCCAATCCA; ACSF:
CCCGACCCTAAAGCCGGGGA, ACSR: TACGCTGCCACGGTGTTCCG; ACTF:
GTTCCAGCCATCGATGATCG, ACTR: CCCACCGCTCAGCACGATGT). Total
RNA was extracted from the pedicles of open and unopened ﬂowers
from plants kept in the greenhouse, where they were exposed to light
every day, and from plants which were kept in the dark for 24, 48, 72
and 96 h. RNA extraction and the reverse transcription procedures
were the same as described above. Real-time PCR was performed with
Applied Biosystems 7900 Fast System using SYBR Green detection
chemistry (Applied Biosystems) and gene-speciﬁc primers. Real-time
PCR data were obtained from two independent biological replicates
and the reactions were performed in quadruplicate. The relative ratio
of threshold cycle (Ct) values between the endogenous control and
the speciﬁc gene were calculated for each sample and the expression
level was normalized against the abundance of the actin transcript.
2.9. Statistical analysis
For statistical analysis, data were arcsine transformed and an anal-
ysis of variance (ANOVA) was carried out. Data were analysed using a
Duncan's test at the 5% level in GenStat, 14th edition.
3. Results
3.1. Flow cytometry
Flow cytometry histograms (Fig. 1) show that P 00 06 03 is a dip-
loid (peak at channel 200), while P 04 05 18 and P 08 05 06 are tetra-
ploid (peak near channel 400). P 00 06 03A contained both 2n and 4nl, open and unopened ﬂower abscission (as a percentage of those available for abscission)
ing the 96 h treatment). All values aremeans ± se and represent cumulative abscission at
ant (P b 0.05) preferential abscission (openﬂowers in P 00 06 03 and unopenedﬂowers in
Unopened Conversions
Control Dark Control Dark
3* 5.9 ± 5.0 15.9 ± 3.7 52.9 ± 17.0 37.5 ± 11.7
1* 1.3 ± 0.6 2.2 ± 1.2 36.8 ± 7.9 34.0 ± 4.0
5* 10.0 ± 3.9 16.9 ± 4.2 43.2 ± 16.0 35.9 ± 5.9
5* 24.8 ± 9.3 75.0 ± 17.9* 29.4 ± 13.8 43.0 ± 13.3
Fig. 1. Flow cytometry histograms of four Plectranthus cultivars, P 00 06 03A, P 00 06 03, P 04 05 18 and P 08 05 06. The diploid peak was set at channel 200.
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et al., 1994). Although each cultivar had individual responses to vari-
ous ethylene concentrations, continuous darkness, 1-MCP treatment
and gene expression of biosynthetic enzymes, speciﬁc differences
could not be attributed to ploidy level alone. This suggests that an in-
crease in gene dosage in tetraploid cultivars does not appear to play a
signiﬁcant deterministic role in the ﬂower abscission process.3.2. Ethylene sensitivity
All cultivars were sensitive to ethylene, with complete abscission oc-
curring within 24 h when applied at 1.0 or 2.0 μl l−1 (Fig. 2). Final ab-
scission and rate of abscission decreased in a concentration-dependent
manner. P 00 06 03A, P 04 05 18 and P 08 05 06 showed similar patterns
of ethylene sensitivity. P 00 06 03 was more sensitive to ethylene than
the other cultivars as there was signiﬁcantly (71% ± 4.3 at 96 h) more
ﬂower abscission in this cultivar when treated with 0.1 μl l−1 ethylene
compared to the other three cultivars (23% ± 5.1; 17% ± 8.02;
17% ± 5.9 at 96 h). In all cultivars at low ethylene concentrations (0.1and 0.25 μl l−1), unopened buds were preferentially shed compared
to open ﬂowers (which were retained; data not shown).3.3. Effect of continuous darkness on ﬂower abscission
Continuous darkness signiﬁcantly increased total ﬂower abscission
after 96 h in all four cultivars, with the effect being greatest in P 08 05
06 (Table 1). Similarly, abscission of open ﬂowers (as a proportion of
those available for abscission taking into account conversion), was sig-
niﬁcantly increased in all cultivars when exposed to continuous dark-
ness. When considering unopened ﬂowers (as a proportion of those
available for abscission taking into account conversions) however,
ﬂower abscission was only signiﬁcantly increased by darkness in P
08 05 06. In all cultivars, between 30 and 50% of all unopened ﬂowers
did open during the 96 h treatment, but no signiﬁcant differences
between plants under control or continuous dark conditions were
observed (Table 1). Of particular interest, a signiﬁcant preferential
shedding of open ﬂowers by P 00 06 03 and unopened ﬂowers by P
08 05 06 in both control and dark conditions was noted.
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Fig. 2. Ethylene sensitivity of four Plectranthus cultivars in response to different concentrations of ethylene. Different letters indicate signiﬁcant differences between treatments at a
5% level (ANOVA).
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No ethylene was detected in ﬂowers or buds of control or continu-
ous dark-treated plants at any time point. If ethylene was produced, it
remained below the limit of detection (10 nl l−1).
3.5. 1-MCP treatment
When pre-treated with 100 nl l−1 1-MCP for a single 6 h treat-
ment, and subsequently exposed to 2 μl l−1 ethylene (MCP-eth1),
100% of ﬂowers from all cultivars abscised in 96 h (Fig. 3). This 6 h
pre-treatment prevented ﬂower abscission for the ﬁrst 24 h and
slowed the rate of ﬂower abscission, but could not protect plants for
the 96 h duration. However, continuous treatment with 1-MCP
(MCP-eth2) reduced ethylene- and dark-induced ﬂower abscission
signiﬁcantly in all four cultivars.
3.6. ACS and ACO expression levels
Transcript abundance of the ethylene biosynthetic enzymes ACS
and ACO were investigated to determine if continuous darknessaccelerated ﬂower abscission through endogenous biosynthesis of
ethylene. Open ﬂowers of P 00 06 03A and P 00 06 03 had increased
levels of ACS mRNA when put into the dark (Fig. 4). ACS mRNA levels
remained high in open ﬂowers while plants were kept in the dark.
Unopened ﬂowers of P 00 06 03A did not initially show a signiﬁcant
change in ACS mRNA levels when kept in the dark (Fig. 4), however
the ACS mRNA levels were signiﬁcantly higher in plants kept in the
dark for 96 h than in plants kept in the light. Unopened ﬂowers from
P 00 06 03 did not show signiﬁcant changes in ACS mRNA levels
when put into the dark (Fig. 4).
Neither open nor unopened ﬂowers from P 04 05 18 showed any
signiﬁcant change in ACS mRNA levels when put into the dark for up
to 96 h (Fig. 4). Open ﬂowers on P 08 05 06 did not initially show
any change in ACS mRNA levels when put into the dark (Fig. 4). How-
ever, ACS mRNA levels were signiﬁcantly lower at 48 h and 96 h dark
exposure and lowest when plants were kept in the dark for 72 h.
Unopened ﬂowers in this cultivar showed an opposite trend. ACS
mRNA levels increased when plants were placed in the dark for 24 h
and continued to increase when plants were exposed to darkness for
48 h. ACS mRNA levels then decreased, to similar levels as in the con-
trol plants, after 72 h and 96 h in the dark.
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ACO mRNA levels when plants were kept in the dark compared with
those in the light (Fig. 4). Unopened ﬂowers did not show signiﬁcant
changes in ACOmRNA levels when plants were put into the dark. Nei-
ther open nor unopened ﬂowers from P 00 06 03 and P 04 05 18
showed signiﬁcant changes in ACO mRNA levels when plants were
placed in the dark (Fig. 4). Open ﬂowers from P 08 05 06 did not
show a signiﬁcant change in ACO mRNA levels when kept in the
dark for 24 h, 48 h and 72 h (Fig. 4). There was, however, a notable
decrease in ACOmRNA levels of openﬂowers once plants had been ex-
posed to darkness for 96 h.
4. Discussion
Flower abscission in all four cultivars of Plectranthus was promoted
by applied ethylene (Fig. 2). In all cultivars, complete abscission
occurred within 24 h if treated with 1.0 or 2.0 μl l−1 ethylene. This
places Plectranthus in the most sensitive category of pot plants with
Clerodendron thomsonii and Browallia speciosa (Woltering, 1987). At
the lowest concentration tested, 0.1 μl l−1, abscission in all cultivars
was signiﬁcantly lower at all time points compared to higher levels ofethylene treatment. At this ethylene concentration, unopened ﬂowers
were preferentially abscised, suggesting that open and unopened
ﬂowers differ in their sensitivity to abscission-promoting signals, as
was observed in Phlox paniculata (Porat et al., 1995) and Dendrobium
(Uthaichay et al., 2007). Cultivar P 00 06 03 was most sensitive to eth-
ylene. Similarly, in other species considerable variation has been ob-
served with respect to cultivar sensitivity (Macnish et al., 2004).
No ethylene was detected by gas chromatography under control or
continuous dark conditions. If ethylene was produced it may have been
below the limit of detection of the GC used in this study (10 nl l−1). It
is possible that other plant parts, (e.g. peduncles) contributed to ethylene
production under dark conditions, since in this study, ethylene produc-
tion was only measured in open and unopened ﬂowers.
The rapid promotion of ﬂower abscission by applied ethylene was
only inhibited if plants were continuously treated with 1-MCP (Fig. 3).
While a 6 h pre-treatment with 1-MCP before ethylene exposure de-
layed abscission, it did not reduce the total ﬂower abscission after
96 h. This could result from additional plant growth during the exper-
iment, sub-optimal 1-MCP concentration, or from a rapid turnover of
the receptor in mature ﬂowers. In these instances, receptors are free
to bind ethylene and transduce the abscission signal. Since 1-MCP is
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soluble, systemic transportable inhibitor like STS would potentially be
more effective by remaining in the plant and therefore binding new
ethylene receptors as they are produced, STS was not considered in
this study because of regulations regarding heavymetal use in agricul-
ture and horticulture.
Prolonged periods of darkness (96 h) increased total ﬂower abscis-
sion in all Plectranthus cultivars tested (Table 1). Abscission of open
ﬂowers was signiﬁcantly increased by exposure to darkness in all cul-
tivars, but only in P 08 05 06 was abscission of unopened ﬂowers sig-
niﬁcantly increased. Continuously treating plants in the darkness with
1-MCP effectively controlled dark-induced ﬂower abscission for 96 h.
This implies that dark-induced ﬂower abscission in Plectranthus is me-
diated by ethylene. However, ﬂowers and buds of plants held in the
dark for 96 h did not produce ethylene at detectable levels by gas
chromatography as used in this study. Dark treatment caused in-
creased ethylene production and increased the expression of two
ACC synthase genes in Pelargonium zonale (Mutui et al., 2007), and it
is possible that similar mechanisms operate in the dark-induced ab-
scission of Plectranthus.
The two diploid cultivars (P 00 06 03A and P 00 06 03) showed sim-
ilar trends in ACS mRNA levels when placed in the dark (Fig. 4). In-
creased ACS mRNA levels in open ﬂowers indicate an increase in thetranscription of the ACS genes and also an increase in the conversion
of SAM to ACC, the ﬁrst step towards increasing ethylene production.
The synthesis of ACC synthase is induced by stress and a subsequent
increase in the accumulation of ACC and amarked increase in stress eth-
ylene production (Yang and Hoffman, 1984). These trends are consis-
tent with studies on the effects of other stresses such as drought,
chilling, freezing, wounding, high temperature and insect infestation
on ethylene production (Czarny et al., 2006). Prolonged darkness
would alter a plants physiology due to reduced carbohydrate produc-
tion and altered phytochrome signalling. Sinceﬂowers are energetically
“expensive” organs to produce andmaintain, it may be beneﬁcial to ab-
scise ﬂowers under stressed conditions ahead of other organs (for ex-
ample leaves) which are necessary for plant survival.
Unopenedﬂowers of P 00 06 03A and P 00 06 03 did not show a sig-
niﬁcant change in ACS mRNA levels and thus no notable change in ab-
scission of unopened ﬂowers occurred under dark conditions (Fig. 4).
This may explain why P 00 06 03 preferentially sheds open ﬂowers,
and supports the hypothesis that ﬂowers are shed when they become
energetically expensive in comparison to opening a new ﬂower
(Ashman and Schoen, 1994).
Changes in ACO mRNA levels in P 00 06 03A (Fig. 4) are consistent
with increased ﬂower abscission of open ﬂowers and retaining
unopened ﬂowers on the plant. The increase in ACS and ACO mRNA
46 L.J. Rice et al. / South African Journal of Botany 87 (2013) 39–47levels (Fig. 4) indicate that the whole ethylene biosynthetic pathway
has been upregulated when plants of this cultivar are placed in the
dark. Increased ethylene production in senescing carnation ﬂowers
was accompanied by a signiﬁcant increase in the abundance of
mRNAs for ACC synthase and EFE (Woodson et al., 1992), or ACO.
ACS and ACO mRNA levels did not change signiﬁcantly in open or
unopened ﬂowers of P 04 05 18 when plants were kept in the dark
(Fig. 4). The rate of ethylene production in each organ depends at
least partially on locally generated ACC (Clark et al., 1997). If there
are not increased levels of ACC in the plant tissue then there is no
need for increased expression of ACO genes. It is unusual, however,
that there is no change in transcript abundance as ﬂower abscission
was observed by plants of this cultivar when kept in the dark.
The trends shown by both open and unopened ﬂowers of P 08 05
06 (Fig. 4) are unique when compared to the other cultivars used in
this study. At 96 h, ACS and ACO mRNA had decreased when plants
were placed in the dark suggesting that ethylene production was
downregulated in the dark at this point. In unopened ﬂowers, ACS
mRNA increased after 24 h, and again after 48 h, suggesting that eth-
ylene production increases in unopened ﬂowers when initially in the
dark but then decreases. Although delayed by 24 h, this corresponds
with the increased abscission of unopened ﬂowers observed in the
dark at 48 and 72 h (data not shown).
Although the dark-induced abscission in all cultivars could not be
accounted for by differential expression of ACS and ACO genes, tran-
scripts of these genes were nevertheless present, and hence ethylene
biosynthesis could have continued. Alternatively, regulation of abscission
may have occurred post-transcription, in which case differences in tran-
script abundance may not have been evident. Additionally, other mem-
bers of the ACS and ACO multigene families may be involved, since
these genes are differentially expressed in response to developmental,
environmental and hormonal cues (Clark et al., 1997). Other hormones
besides ethylene may play an important role, especially auxin. An
AUXIN RESPONSE FACTOR (ARF2) identiﬁed in Arabidopsis was shown to
regulate ﬂoral organ abscission via an ethylene-independent pathway
(Ellis et al., 2005), while in Cestrum elegans, expression of auxin-
responsive gene CE-IAA5 after auxin application, increased abscission of
unopened ﬂowers, causing preferential shedding (Abebie et al., 2008).
A further possibility is that a change in the pedicle tissue sensitivity to
ethylene may occur. This has been observed in a number of other plant
species (Campbell and Labavitch, 1991; Currv, 1991;; Tian et al., 1994
Sato-Nara et al., 1999).5. Conclusions
Plectranthus plants are sensitive to exogenous ethylene in a con-
centration dependent manner, and ethylene-induced abscission can
be partially or completely alleviated using 1-MCP with a 6 h pretreat-
ment or continuous treatment respectively. Continuous dark condi-
tions increased total ﬂower abscission in all Plectranthus cultivars,
with preferential shedding of open ﬂowers and unopened ﬂowers ob-
served in different cultivars. Dark-induced abscission was alleviated
by continuous 1-MCP treatment, implying ethylene regulation.
In some cultivars, abscission could be accounted for by changes in
ACS and ACO expression, but in others no direct link was observed.
In this study, the changes in expression of only one gene from each
of these families was investigated, and it is possible that there were
moremarked changes in expression of other genes for these enzymes.
Also, gene expression was limited to the abscission zones of the pedi-
cels only, and possibly ethylene production is increased in other plant
parts during prolonged periods of darkness. Lastly, dark-induced ﬂow-
er abscission in Plectranthusmay also be regulated by other hormones
such as auxin. Despite difﬁculty in determining the exact cause of
dark-induced abscission, 1-MCP can be effectively used to control it
for transportation purposes.Acknowledgements
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